Ferromagnetic GeMn was prepared by Mn implantation followed by ion beam-induced epitaxial crystallization annealing. The damage caused by Mn implantation was repaired by subsequent helium ion irradiation. Various structural analyses were performed and Mn ions were found to incorporate uniformly into the Ge lattice without the formation of any secondary phases. The remnant magnetic moment exhibited room temperature ferromagnetism. Anomalous Hall effect and field dependent magnetization were measured at the same time at room temperature indicating spin polarized free carrier transport. Additional measurement using x-ray magnetic circular dichroism also revealed that the carriers were spin-polarized. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/ 1.4729752] Since the discovery of ferromagnetic ordering of InMnAs, 1 diluted magnetic semiconductors (DMS) [1] [2] [3] 28, 29 have attracted considerable attention because of their potential applications in spintronics. GeMn, a group-IV DMS, has received considerable attention in recent years because of its compatibility with mainstream silicon technology. [3] [4] [5] [6] [7] Over the years, several research groups have attempted to prepare ferromagnetic GeMn thin films using various methods. 5, [7] [8] [9] [10] Although these samples exhibited ferromagnetic ordering, 4, 5, [11] [12] [13] 30 it was difficult to form a connection between the magnetic properties and the electronic transport properties. 14 Intrinsically GeMn is less stable than GaMnAs. Because of limited solid solubility of Mn in Ge, GeMn thin films have to be prepared in a non-equilibrium way such as by low temperature-MBE growth or by ion-implantation. Even so, phase separation resulting in nano-metal cluster formation can easily happen when samples are subject to elevated temperature processes. 9, 12, 13, [15] [16] [17] Once secondary phase clusters are formed in the Ge matrix, it is difficult to remove them by conventional post-annealing processes.
Ion implantation is a convenient method in incorporating impurities into semiconductors at non-equilibrium conditions. However, thermal annealing process is usually needed to repair the damage in the crystal caused by implantation. For GeMn thin films, post-annealing has to be done in a very short time to prevent Mn atoms from being gathering and precipitating into clusters. Scarpulla et al. 18 and Zhou et al. 10, 19 have demonstrated the use of pulsed laser annealing to form GaMnAs and GeMn thin films.
In this study, we prepared ferromagnetic GeMn films using ion beam-induced epitaxial crystallization (IBIEC) annealing after Mn implantation. 20, 21, 31 The GeMn films prepared this way are extremely stable without any evidence of phase separation. The ferromagnetic properties were measured at room temperature. The anomalous Hall effect was observed at the same time and correlated very well with the magnetization measurement.
In IBIEC annealing, light ions are used to irradiate a previously implanted crystal to repair the damage. 21 Part of the energy from the incident ions is transferred by nuclear stopping power to the dislocated host atoms to restore the crystallinity. In this work, we choose helium ions, which are light enough to go deep and at the same time to minimize the surface layer damage, which is usually a problem when heavy ion beam irradiation is used.
Mn-implantation was performed on p-type (001) Ge wafers, which were doped with Ga at a concentration of 1.1 Â 10 18 cm À3 . To form a uniform Mn distribution in the implanted region, we implanted Mn þ ions with multiple energies of 70, 120, 170, 250, and 350 keV. Several samples were prepared with a total implanted dose varied from 5.5 Â 10 14 to 2.2 Â 10 16 cm
À2
, which corresponds to a Mn atomic percentage of 0.125% to 5.0% in the implanted region. The substrate was maintained at room temperature during implantation to prevent secondary phase formation. IBIEC treatment was then carried out using He ions at a beam current of 0.4 lA cm À2 with an energy of 350 keV for 2 h. During IBIEC treatment, the substrate was kept at a constant temperature of 523 K. After IBIEC, the samples were slightly etched in a NaOH þ H 2 O 2 solution to remove any possible oxide layer that may have formed during the implantation processes. Magneto-transport properties were measured using a Hall bar structure with the magnetic field applied perpendicularly to the sample surface. To understand the electronic structure of the prepared GeMn thin films, we used x-ray circular dichroism 32, 33 (XMCD), with measurement taken at the National Synchrotron Radiation Research Center, to analyze possible crystal formation of GeMn and the spin polarization of its carriers. The XMCD was performed at 78 K.
The structure of GeMn and the distribution of Mn were analyzed by double crystal x-ray diffraction (DCXRD) and SIMS. The Cu Ka1 x-ray (0.1542 nm) was selected by double Si (111) film around the (004) peak before and after IBIEC annealing are displayed in Fig. 1 . Only one broadened peak was observed for the as-implanted sample indicating the Ge crystal had been damaged during Mn implantation. After IBIEC annealing, however, an additional shoulder peak appeared on the smaller angle side of the Ge (004) peak. This is a clear indication of the formation of a compressively strained GeMn film. The IBIEC treatment has caused the damaged Ge to recrystallize. But, because the smaller Mn atoms sit on the substitutional sites, the GeMn film is compressively strained. We have also checked Ge(224) and Ge(311) peaks, and similar shoulder peaks were observed. The formation of the compressively strained GeMn film was also confirmed by a separate study using XAFS. 22 To make sure there was no secondary phase formation, we carefully scanned the XRD spectrum, even in logarithmical scale, using grazing incident x-ray diffraction. All the IBIEC annealed GeMn samples showed highly crystallized structure without the formation of secondary phases. 9, 13, 16, 23 We have also performed a cross-sectional TEM study of a sample before and after IBIEC treatment (see supplementary material for high resolution TEM pictures 34 ). Figure 2 shows the TEM picture of IBIEC annealed sample. The clear selected area diffraction (SAD) points shows that the amorphous region caused by Mn implant was repaired and the crystal lattice was restored.
Time-of-flight secondary ion mass spectrometry (SIMS) was used to determine Mn distribution in Ge shows the measured Mn profiles for samples with various Mn doses before and after IBIEC treatment (also see supplementary material for SIMS profiles 34 ). The SIMS profiles do not actually change after IBIEC and are generally very similar to one another. This implies that the Mn atoms stayed where they were implanted during the IBIEC induced recrystallization process and the formation of the GeMn alloy, clearly indicating no Mn segregation took place. This is quite different from the results obtained using conventional thermal annealing techniques, 24, 25 where serious secondary phase precipitation usually takes place. The actual total Mn implanted doses calculated from the SIMS profiles were found to be in good agreement with intended implanted doses.
The magnetic properties of Mn-implanted samples were measured using a superconducting quantum interference device magnetometer (SQUID). Figure 3 shows the measured magnetization as a function of magnetic field at 5 K and 300 K for a 5% Mn sample. The diamagnetic background was subtracted from the data. Clear ferromagnetic behavior was observed. Elongated hysteresis loops are also visible in the figure. Figure 4 shows the remnant magnetic moment, measured after a 1 T-field was applied and then removed at low temperature, as a function of temperature. These results indicate that the IBIEC-annealed Mn-implanted samples have ferromagnetism above room temperature.
One of the most important criteria for DMS to be used in spintronics applications is to have a spin polarized transport property. The ferromagnetic behavior of the material has to be able to mediate the formation of spin polarization for the free carriers. In the past, however, such spin polarized transport property often fails to go hand in hand with the ferromagnetic behavior of the material. In this study, we studied the transport property of our samples together with their magnetic properties. We performed Hall measurement to look for anomalous spin polarized transport behavior. Anomalous Hall effect (AHE) was clearly observed. Figure 5 shows the measured Hall resistance (at room temperature) as a function of the magnetic field from À1 T to 1 T for a 2% Mn sample. To correlate the AHE behavior with the magnetization of the material, the measured field dependent magnetization is shown in the same figure. It should be mentioned that the background of the normal Hall effect due to the p-type doped Ge substrate was subtracted from the measured data to get the AHE signal. The field dependent magnetization and the AHE behavior correlate with each other perfectly. They have similar saturation behavior and saturate at the same field strength (þ0.15 T). The AHE behavior was observed from 20 K to 300 K (the lowest temperature of 20 K was due to instrumentation limitation). The fact that the AHE correlates with the ferromagnetic behavior clearly indicates that the spin polarized carriers that are responsible for current transport are directly related to the ferromagnetic property of the material.
The ferromagnetism of GeMn has been postulated by RKKY model 26 as a result of magnetic moment coupling of Mn atoms mediated by holes. We have performed XMCD to study the electronic structure of doped Mn ions and the origin of ferromagnetism. The 2p-XAS and XMCD signals of the samples were measured either with total electron yield (TEY) or total fluorescence yield (TFY). Here the energy resolution of synchrotron radiation was set to 0.4 eV. Figure 6 shows the TFY of XMCD for the 2p-3d transitions of Mn. The measurement was carried out at 78 K for the sample with 4% Mn. The difference in the XAS spectra at 2p 1/2 and 2p 2/3 obtained by excitations from opposite circularly polarized light indicates that the origin of ferromagnetism is indeed from the unpaired d shell electrons of Mn atoms. The characteristics of the 2p-XAS spectrum were also used to assess the electronic valence state of Mn ions in the Ge matrix. From the 2p 3/2 peak positions in TEY and the sharp peaks of TEY (see inset) we may infer that the electronic valence state was 2 þ . This state also indicates that Mn ions are on the substitutional sites in the Ge lattice. These results presented above also provide evidence that the Mn ions serve as acceptors in Ge and the free holes are spin polarized to carry the magnetic property of the material.
We have estimated the percentage of Mn atoms that are ferromagnetic in our samples. The saturated magnetic moment divided by the total number of implanted Mn atoms gives the average magnetic moment per atom. Since a fully magnetized Mn atom has 2.5l B , 27 the ratio of the average magnetic moment per atom and 2.5l B gives the percentage of ferromagnetic Mn atoms. For the 5% Mn sample, the estimated magnetization ratio is 63%. This number is significantly higher than what has been reported for Mn-implanted Ge films with conventional annealing techniques. 10, 17, 19, 25 In summary, we have prepared ferromagnetic GeMn films using Mn implantation and IBIEC annealing. He irradiation was found to be very effective in removing damage caused by ion-implantation. Several structural analyses were carried out and showed that the Mn ions were uniformly incorporated into the Ge lattice without the formation of secondary phases. The ferromagnetic property along with the anomalous Hall effect was measured at room temperature. The 2p-XAS measurements showed that Mn ions were incorporated in the substitutional sites of the Ge lattice with 2 þ state. The correlation of the magnetic behavior and the transport behavior, along with the XMCD result, provides direct evidence that the spin polarized transport is directly related to the ferromagnetic property of the GeMn film. With our IBIEC technique, a very high magnetization ratio of 63% for the Mn ions was obtained. This study showed that IBIEC is a very valuable tool in repairing damages for thin films prepared in a non-equilibrium process. It is particularly useful for the fabrication of DMS thin films, where the magnetic impurities need to be incorporated into the host material beyond the solid solubility. This work was supported by the National Science Council under Grant Nos. NSC-99-2120-M-009-009, NSC-100-2120-M-009-005, and NSC-100-2221-E-007-124.
